Subtropical western boundary currents are warm, fast flowing currents that form on the western side of ocean basins. They carry warm tropical water to the mid-latitudes and vent large amounts of heat and moisture to the atmosphere along their paths, affecting atmospheric jet streams and mid-latitude storms, as well as ocean carbon uptake [1] [2] [3] [4] . The possibility that these highly energetic and nonlinear currents might change under greenhouse gas forcing has raised significant concerns 5-7 , but detecting such changes is challenging owing to limited observations. Here, using reconstructed sea surface temperature datasets and newly developed century-long ocean and atmosphere reanalysis products, we find that the post-1900 surface ocean warming rate over the path of these currents is two to three times faster than the global mean surface ocean warming rate. The accelerated warming is associated with a synchronous poleward shift and/or intensification of global subtropical western boundary currents in conjunction with a systematic change in winds over both hemispheres. This enhanced warming may reduce ocean's ability to absorb anthropogenic carbon dioxide over these regions. However, uncertainties in detection and attribution of these warming trends remain, pointing to a need for a long-term monitoring network of the global western boundary currents and their extensions.
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The increase of carbon dioxide (CO 2 ) and other greenhouse gases in the atmosphere has been the major driver of surface warming of the Earth over the 20 th century, a warming that is projected to continue in the foreseeable future 8 . The oceans take up both heat and CO 2 , buffering this surface warming. The recent uptake of heat by the ocean 9 has led to a significant increase in sea surface temperature (SST) in both the tropics and high latitudes, with to strong warming in the tropical Indian Ocean, and a weak warming over the deep water formation region in the high latitudes 10, 11 .
Studies so far have focused on tropical warming patterns 8, [12] [13] [14] due to their profound influence on atmospheric deep convection and global atmospheric teleconnections. However, an important region with some of largest air-sea fluxes of heat, moisture and CO 2 in the world oceans is the convergence zone of extratropical western boundary currents. The poleward warm/salty subtropical western boundary currents meet equatorward flowing cold/fresh counterparts from the subpolar ocean, separate from the coast and extend eastward. These extensions form sharp thermal fronts fueling the midlatitude storms which are of vital importance in the climate system. Associated with wintertime heat loss, carbon is absorbed and sequestrated into the ocean interior by the subduction and formation of mode water in these regions.
Long air-sea equilibration timescales also lead to carbon sequestration downstream of the mode water formation regions.
Here we find a regionally accelerated warming since 1900 over the path of the subtropical western boundary currents in all the ocean basins, which far exceeds the globally averaged surface ocean warming rate (Fig.1) . The global SST trends since 1900 are computed based on eight different datasets, including "analyzed" SST products that have been optimally interpolated or smoothed in both time and space (HadISST1, SODA, ERSSTv3b, Kaplanv2), "un-analyzed" SST datasets (HadSST2, (Fig.2g ). In the Southern
Hemisphere, the poleward axial shift is identified for the midlatitude extensions of the Brazil Current (Fig.2d,i (Fig.2) , which is somewhat smaller than that of the zero-curl line. Given the strong meridional temperature gradient in the convergence zones, the poleward migration of these boundary currents may lead to a large areal warming through advective changes in SST that are reinforced by strong air-sea heat exchanges. In the South Pacific and the South Indian Ocean, the latitude of the zonal extension of the boundary currents is set by the meridional extent of the coasts, and thus bears no relationship with the zero wind stress curl line ( Fig.3c ,e). Therefore, the accelerated warming in these two regions may not be associated with the poleward shift of the western boundary current axes.
Another important process which may also potentially lead to these enhanced oceanic warming trends is an intensification of the western boundary currents, which can transport more warm tropical water into the cold midlatitude oceans, augmenting the warming there. The changes in the amplitudes of the subtropical western boundary currents may be inferred from the changes in the surface wind stress curl, although nonlinear vorticity dynamics also plays a role. In each of the southern subtropical oceanic gyres, the anticyclonic wind stress curl has intensified over the past century ( Fig.3c-e) , which may accelerate the interior equatorward flow and thus the poleward western boundary currents. It has been suggested that intensification of the East Australian Current (Fig.2c,h ), as manifested in an acceleration of the southern supergyre over the past decades, is caused by climate change-induced increases in the westerly wind 5, 18 . In the Northern Hemisphere, however, the wind stress curl appears to have weakened or changed little in the subtropical North Pacific and the North Atlantic, respectively. Therefore, the enhanced warming over the western boundary currents in the Northern Hemisphere may not be associated with the changes in the amplitudes of the subtropical wind stress curl. There is a possibility that this connection works well at decadal timescales, but less so for long-term trends due to additional buoyancy forcing effects in a warming climate.
The poleward shift of the zero-curl line and/or intensification of the subtropical wind stress curls are further supported by other atmospheric reanalysis products despite some notable inter-product discrepancies (see Methods section). Analysis of observational data over the past decades has also revealed a widening of the Hadley Cells 20 and an associated poleward shift of westerly winds in both hemispheres 21, 22 , which has been attributed to increasing greenhouse gas concentrations in the atmosphere. These atmospheric changes over recent decades are largely in the same direction as the centennial trends identified in our analysis of the surface wind stress curl. A poleward expansion of the oceanic subtropical gyres in both hemispheres has been supported by climate model simulations with increasing greenhouse gas (Table 1 and Supplemental Fig.S1 ). The poleward shift is evident for the Kuroshio Current and the Brazil Current, but an equatorward shift, opposite to the long-term trend, is found for the Eastern Australia Current and the Aguhlas Current (Supplemental Fig.S2 ). These results are perhaps not surprising given that greenhouse gas forcing in the early period is not strong, and some of the induced changes do not rise above the background of natural variability. In the later period, the enhanced warming is seen over all southern ocean western boundary current regions (Table 1 and Supplemental Fig.S3 ), consistent with the intensification trend of the southern subtropical western boundary currents (Supplemental Fig.S4 ) and the wind stress changes (Supplemental Fig.S5 ). However, both the Kuroshio Current and the Gulf Stream display a trend towards an equatorward shift. For the Kuroshio, this equatorward shift is likely attributable to the mid-1970s North Pacific decadal climate shift 16 . Thus, in the later period despite the stronger greenhouse gas forcing, decadal variability could still substantially modulate the long-term trends in some ocean basins, such that the long-term trend can be different from decadal trends in both amplitude and sign (Supplemental Fig.S6 ). Nevertheless, For centennial time scale trends, influences from decadal variability diminish, and systematic enhanced warming is detected along the path of all western boundary currents, making it unlikely to be a reflection of decadal climate variability.
We conclude that the enhanced warming over the global subtropical western boundary currents in the 20 th century might be attributable to the poleward shift of their midlatitude extensions and/or intensification in their strength. It should be noted that uncertainties remain large in terms of quantifying, detecting, and attributing the enhanced warming trends, due to a lack of long-term observations of the western boundary currents and to varying algorithms used in SST reconstructions among reanalysis products. Some additional mechanisms, for example, the enhanced upstream land warming may also contribute to the warming over the western boundary current regions. The estimated errors of these calculated trends presented here are also probably underestimated without explicitly taking into account these uncertainties. Nevertheless, the results highlight the importance of century-long datasets in detecting climate change signals. To detect future changes with confidence, a long-term monitoring network of western boundary current systems that builds on existing programs 23 is needed, particularly in regions of accelerated warming. 30 . A detailed description of these datasets (except SODA) can be found in Deser et al. 15 and cited references.
Methods

SST trends
Among these datasets, MOHMAT43, HadCRUT3, and HadSST2 are independent, and others may differ in quality-control and bias correction procedures.
The linear trends are calculated from 1900-2008 monthly anomalies using the method of least-squares with statistical significance assessed using a Student's-t test.
Following Deser et al. 15 , we use a 24-month per decade threshold as the sampling criterion, but results are not sensitive to this criterion. This restriction together with the consistency with independently measured marine air temperatures is used to assess the realism of the SST trends 15 .
Wind Stress Trends
The 20 th Century Atmospheric Reanalysis product, designated as 20CRv2, contains the synoptic-observation-based estimate of global tropospheric variability spanning from 1871 to 2008 at 6-hourly temporal resolution and 2° spatial resolution.
The product is derived using observations of synoptic surface pressure and prescribing monthly SST and sea-ice distributions as boundary conditions for the atmosphere 31 .
To assess the trends of the wind stress in the 20CRv2 atmospheric reanalysis dataset,
we conducted an inter-comparison with the National Center for Environmental 
Oceanic current trends
The oceanic current trends are calculated based on the century-long SODA reanalysis product 26 (e) South Indian
